Pleiotropic regulatory factors mediate concerted responses of the plant's trait network to endogenous and exogenous cues. TRANSPARENT TESTA GLABRA 1 (TTG1) is a pleiotropic regulator that has been predominantly described in its role as a regulator of early accessible developmental traits. Although its closest homologs LIGHT-REGULATED WD1 (LWD1) and LWD2 are regulators of photoperiodic flowering, a role of TTG1 in flowering time regulation has not been reported.
Here we reveal that TTG1 is a regulator of flowering time in Arabidopsis thaliana and changes transcription levels of different targets within the flowering time regulatory pathway. TTG1 mutants flower early and TTG1 overexpression lines flower late at long-day conditions. Consistently, TTG1 can suppress the transcript levels of the floral integrators FLOWERING LOCUS T and SUPPRESSOR OF OVEREXPRESSION OF CO1 and can act as an activator of circadian clock components. Moreover, TTG1 might form feedback loops at the protein level. The TTG1 protein interacts with PSEUDO RESPONSE REGULATOR (PRR)s and basic HELIX-LOOP-HELIX 92 (bHLH92) in yeast. In planta, the respective pairs exhibit interesting patterns of localization including a recruitment of TTG1 by PRR5 to subnuclear foci. This mechanism proposes additional layers of regulation by TTG1 and might aid to specify the function of bHLH92.
Within another branch of the pathway, TTG1 can elevate FLOWERING LOCUS C (FLC) transcript levels. FLC mediates signals from the vernalization, ambient temperature and autonomous pathway and the circadian clock is pivotal for the plant to synchronize with diurnal cycles of environmental stimuli like light and temperature. Our results suggest an unexpected positioning of TTG1 upstream of FLC and upstream of the circadian clock. In this light, this points to an adaptive value of the role of TTG1 in respect to flowering time regulation. 155 apical meristem and thereby causes flowering when an FT threshold is passed (Turck et al. 156 2008) . 356 microscope Leica stereomicroscope (MZ FLIII) with the MultiFocus and Montage option of the 357 Leica Application Suite V3 (Leica Microsystems) The step-size was 20 µm (seeds, seedlings) 358 and 50µm (leaves). Seedlings were sterilized as described above and grown on MS (4% sucrose) 359 at constant light at 21 °C. 360 361 Data analysis and statistics. All statistics (Table S2 , S3, S5), most data analysis, all box plots 362 and plots for qRT-PCR results were generated using R version 3.4.1 (R Core Team 2017) with 363 the following packages: dplyr ( Fig. 1G , S1A and S2 were extracted from CLC DNA Workbench (CLC bio A/S, 366 www.clcbio.com). 367 Relative protein amounts were determined using fiji (imageJ 1.52h, http://imagej.nih.gov/ij). 368 ROIs of the same size for all bands analyzed within both images of one blot detected with both 369 antibody combinations were measured for their mean grey value intensity. The background close 370 to each band was subtracted, GFP values were set relative to the respective Histone H3 values 371 and values obtained for one blot were normalized to OE01 and -in one case for which OE01 was 372 not evaluated OE20 was used (for OE19-OE21 analysis). Results are shown in Fig. S3 . 373 374 Results 375 TTG1 has an effect on flowering time. To date, TTG1 has been analyzed in detail for early 376 (accessible) traits while little is known about its role in the regulation of late developmental 377 traits. When growing ttg1 mutants, we observed that these flowered slightly earlier than the wild 378 type. Therefore, we selected flowering time -a key late developmental trait -and analyzed 379 classical ttg1-9 and ttg1-11 mutants under controlled long-day conditions in the same condition 380 in which the flowering time deviation was monitored first -a comparable warm plant chamber 381 ("warm" condition, on average 23.7°C at the plant's level (chamber set to 22°C), Table S1 ). Both 382 mutants are in the summer annual Columbia-0 (Col-0) background. We also analyzed flowering 383 time at a slightly reduced temperature (about 2°C less) at long-day conditions ("cold" condition, 384 on average 21.4°C at the plant's level (chamber set to 20°C), Table S1 ). This can indicate if 385 modifications of the TTG1 protein or modified protein levels might be of adaptive value towards 386 the timing of flowering in dependence of temperature (in different backgrounds) which is 387 suggested by a previous study which identified a SNP in TTG1 having a strong correlation with 388 temperature seasonality, minimum temperature and daylength (Hancock et al. 2011 ).
390
We recorded flowering time as the number of days when the first bud was visible and the 391 number of leaves at this timepoint. Both mutants flowered significantly earlier under both 392 conditions ( Fig. 1A-B , Table S2 ). The colder condition revealed that the point mutants ttg1-9 and 393 ttg1-11 show differences in their flowering time phenotype: ttg1-9 exhibited the strongest 394 flowering time phenotype and was only slightly responsive to the difference in temperature as 395 compared to ttg1-11 and the wild type. The mutation in the used EMS mutants does not lead to a premature stop codon but change an 398 amino acid. These mutants are known to be no null-mutants at least with respect to their effect on 399 trichome patterning. Therefore, we obtained the recently described additional mutants ttg1-21 400 The T-DNA insertion in ttg1-21 is close to the start before the WD40 domain ( Fig.  403 S1A) . Therefore, it can be expected that this mutant is a null mutant or at least a comparably 404 strong mutant. In ttg1-22, the T-DNA insert is in proximity to the end of TTG1 which might also 405 causes a strong phenotype as seen for the premature stop codon mutant ttg1-1 in Landsberg 406 erecta (Ler) background. We tested these mutants for some of the early (accessible) TTG1-407 dependent developmental traits including the so far not reported lack of anthocyanidin 408 accumulation in seedling. When compared to the wild type, the mutants showed the analyzed 409 aspects of the ttg1 syndrome (Koornneef 1981 ) similar as observed for the other Col-0 mutants 410 used in this study ( Fig. S1 ). Moreover, we wondered, why the flowering time phenotype of ttg1 411 mutants was not reported before. Therefore, we added an often used, classical mutant in Ler 412 background -ttg1-1, a point mutant with a premature stop codon close to the end of TTG1 The different mutants and variants showed different patterns of flowering time phenotypes in the 418 different accession backgrounds ( Fig. 1C-F ). Similar to ttg1-9 and ttg1-11, both additional 419 mutants in Col-0 background -ttg1-21 and ttg1-22 -flowered significantly earlier in terms of 420 leave number and -with one exception -also in terms of time (days) at our warm and cold 421 condition. For ttg1-21 grown in the warm condition, the number of days only deviated 422 significantly from the wild type in one out of three repeats and early flowering cannot be 423 concluded in this case. 424 425 As flowering time was not significantly reduced in ttg1-1 as compared to its wild type at both 426 conditions, it is not surprising that the flowering time phenotype was not reported before for this 427 heavily used ttg1 mutant. The ttg1-10 mutant carries its mutation in contrast to the other 428 analyzed mutants as a point mutation in its promoter. Interestingly, ttg1-10 mutants flowered 429 significantly later at both conditions for both recorded flowering phenotypes as compared to its 430 wild type. 431 432 For ttg1-21 and ttg1-22, with one exception, it can be summarized that the mutants responded to 433 temperature in the same way as the wild type in regard to time (days) and number of leaves 434 produced until flowering. Only once in three repeats, a significant difference between the results 435 at the two temperatures was recorded for the number of leaves of ttg1-21 plants at flowering 436 time. This suggests that these mutants are less responsive to temperature affecting its number of 437 leaves at flowering time as compared to the wild type and ttg1-22. 438 439 Ler and ttg1-1 did not respond to the difference in temperature, when it comes to the number of 440 leaves produced at flowering time. ttg1-1 and Ws responded only in one out of two experiments 441 to the difference in temperature for the number of days (ttg1-1) and leaves (Ws), respectively. In 442 these cases, a reduced response to temperature cannot be concluded. In all other cases, the 443 reduced temperature caused a delay in flowering time as also observed for Col-0 in the other 444 experiments. In most cases, the overexpression constructs did not affect the endogenous TTG1 transcript 465 levels. Only in OE19 in cop1-4 background a significant reduction of endogenous TTG1 466 transcript was observed ( Fig. 1J , Table S3 , see Fig. 1G and Fig. S2 for the selective primer 467 design). 468 469 Interestingly, TTG1 transcript levels were 3-4-fold significantly increased in cop1-4 mutants as 470 compared to the Col-0 wild type according to both used primer pairs that localized prior to the 471 TTG1 intron and amplifying the TTG1 CDS ( Fig. 1K -L). All overexpression lines showed a 472 significant overexpression of the construct (Fig. 1K-L) . Highest expression and protein levels 473 were reached here by line OE01 in Col-0 background ( Fig. 1 K-M, Fig. S3 ). OE20 (cop1-4 474 background) reached the highest expression of the construct and protein level observed in the 475 overexpression lines in cop1-4 background ( Fig. 1K-M, Fig. S3 ). Both, expression and protein 793 network. PRRs and bHLH92 described in this study are excellent candidates. As we did not find 794 strong indications for a clear interaction with LWDs, mechanisms related to PRRs and bHLH92 795 at the protein level are likely to differ. Being a bHLH factor, bHLH92 might fit well into the 796 regulatory scheme known for TTG1. This would require the identification of an R2R3-MYB 797 interacting with bHLH92. CCA1 and LHY are MYB-like proteins acting as repressors similar to 798 the MBW inhibitors. 799 800 TTG1 might act through TTG1-PRR modules. The subnuclear localization patterns upon co-801 expression of PRRs and bHLH92 with TTG1 provide another potential level of regulation. Do 802 they have an influence on transcriptional activation? What is the identity of the subnuclear foci? 803 Are the interaction partners binding in concert to specific loci, do they stabilize each other, are 804 they stored or deactivated within these foci? These are pressing questions to be answered. 805 806 New insights at the protein level will widen our knowledge and interlink known trait networks of 807 the clock, like those of the PRRs, with the TTG1 trait network. For PRR5, target promoters were 808 identified which comprise different transcription factors involved e.g. in auxin production, 809 hypocotyl growth and cold-stress response which might intermingle with growth traits and 810 temperature response observed and expected in TTG1-dependence. Additional evidence for 811 PRRs towards an involvement in growth regulation comes from an antagonistic regulation at the 812 CDF5 promoter with PIFs. Here, the PRRs suppress hypocotyl elongation from morning to dusk 813 by gating PIF activity. It will be of interest to analyze TTG1-dependent late developmental trait 814 regulation and to identify the respective targets involved to test these for an overlap with clock 815 regulation. TTG1 could overwrite the clock gating when highly abundant in a cell and either 816 regulate through elevate PRR levels an induced growth suppressive effect or, at the protein level, 817 TTG1 might suppress PRR target modulation depending on the relevant downstream targets of 818 both factors at a respective developmental stage. The regulation of flowering time through elevated 827 FLC transcript levels in the TTG1 overexpressors appears straight forward. Elevated FLC 828 transcript levels lead to an increase in FLC-mediated FT and SOC1 suppression and 829 consequently to late flowering in the overexpression line. In line with this role of TTG1, the 830 weak allele of FLC in Ler background could explain the absence of a flowering time phenotype 831 of the strong ttg1-1 mutant which has been intensively used in previous studies. It can also 832 explain that the role of TTG1 towards flowering time regulation was not analyzed before. The 833 TTG1-1 mutant protein variant could not interact with GL3 (Payne et al. 2000) suggesting a high 834 relevance of the C-terminal domain of TTG1 towards protein-protein interaction presumably at 835 the level of the protein structure. All used accessions in this study are rapid cycling accessions 836 lacking a functional FRI allele and therefore immediately exposing modulations at FLC to 837 potential phenotypic detection. 838 839 Overlapping regulatory network. The annual plant A. thaliana completes its life cycle with the 840 production and ripening of seeds and enters the new life cycle following seed dormancy with 841 seed germination. The reproductive success depends therefore on the appropriate timing of 842 flowering and seed ripening as well as germination thereafter. Therefore, it is not surprising that 843 a pleiotropic regulator like TTG1 which is strongly involved in the regulation of various relevant 844 seed traits, is also involved in the regulation of flowering time. Here, it is noteworthy that TTG1-845 dependent gene regulatory network components including TTG1 have the potential to intervene 846 in several sub-pathways of flowering time regulation. We found that TTG1 can even overwrite 847 the transcriptional scenario in cop1-4 in regard to the floral integrators FT and SOC1. Moreover, 848 TTG1 variants are likely to be of relevance in adaptation to temperature seasonality, minimum 849 temperature and daylength (Hancock et al. 2011 ). This strongly suggests an adaptive value of the 850 TTG1-dependent trait network which is strengthened by the overlapping gene regulatory 851 networks of TTG1 and flowering time regulation substantiated through this study. 852 853 Conclusions 854 Plants can respond to endogenous and exogenous cues through concerted regulation of specific 855 trait networks. Pleiotropic regulators can aid to reveal such trait networks of adaptive value. The 856 pleiotropic regulator TRANSPARENT TESTA GLABRA 1 is known as head of a conserved gene 857 regulatory network regulating early accessible developmental traits. Surprisingly little has been 858 known about its involvement in late developmental trait regulation. We reveal that TTG1 is a 859 flowering time regulator in Arabidopsis thaliana and provide an initial embedding in the 860 flowering time regulatory pathway. TTG1 modulates transcript levels of key elements within this 861 pathway -the floral integrators FT and SOC1. We show that TTG1 might act upstream of FLC 862 and the circadian clock. At the protein level we found differential interdependencies with regard 863 to the subcellular and subnuclear localization of clock proteins and TTG1 in planta. In summary, 864 our results provide an initial embedding of TTG1 in the flowering time regulatory pathway. This 865 will allow for an informed in depth embeddings within the individual branches of the flowering 866 time regulatory pathway and a future analysis of overlapping trait networks of adaptive value. Table S3 for more details on the underlying data and statistics. Table S5 for more details on the underlying data and statistics.
Figure 5
TTG1 interacts with PRR5 and bHLH92 in yeast with suggested functional relevance due to protein re-localizations in planta.
(A) Yeast two-hybrid assay with TTG1 as a bait (A1). TTG1 was tested for interaction with the PRRs (TOC1/PRR1, PRR5, PRR7, PRR9) and bHLH92. GFP serves as a negative control (A2).
Yeast colonies were transferred to interaction plates (SD-LWH) and plates to test for successful co-transformation (SD-LW). Interaction plates were supplemented with different 3- 
